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FEATURES OF A SEPARATING TURBULENT BOUNDARY LAYER AS REVEALED BY LASER AND
HOT-FILM ANEMOMETRY

R. L. Simpson, J. H. Strickland, and P. W. Barr
Southern Methodist University
Dallas, Texas

75275

ABSTRACT
Experiments have been performed to determine the
fundamental nature of boundary layer separation pro
duced by an adverse pressure gradient.

Measurements

pointed out by Sovran (1), predictors of turbulent
boundary layer behavior have used several different
flow from a surface with the accompanying down

been made utilizing laser and hot-film anemometry

stream backflow near the wall.

techni ques.
This alone is a signifi

time-averaged wall shearing stress is zero,
borrowing the laminar boundary layer criterion.

cant development because of the relatively long

Others state that the shape factor H must achieve

focal lengths required for measurements in a 36"
Signal processing was achieved by

a digital signal sampling and storage system.

Some workers use

the criterion that separation occurs where the

A completely mobile backscatteirng laser
anemometer was developed.

As

criteria to denote the separation of downstream

upstream and downstream of the separation zone have

wide wind tunnel.

gradient is an old topic of fluid mechanics.

Both

mean and fluctuating velocities in botn the unsepa

a prescribed value at separation.

contend that separation occurs when the logarithmic
"law-of-the-wall" ceases to describe experimental
velocity profiles near the wall.

rated and separated flow regions were measured.

Still others

Sandborn and co

workers have suggested that separation along a

Experimental results are in fairly good agreement
with hot-film measurements, with some recent

wall first occurs intermittently at the wall loca

improvements in data acquisition being noted.

tion where the backflow occasionally begins, that

Flush-wall hot-film sensors were used to deter

point being the "intermittent separation point".

mine wall shear stresses and fluctuations, both up

Some distance downstream of this point the average

stream and downstream of separation.

wall shearing stress is zero at the "fully-

These data

indicate that the law of the wall apparently is

developed separation point" or the "time-averaged

valid up to the location of intermittent separation

separation point."

or the location of intermittent backflow next to the

points is known as the "intermittent separation

wall.

region".

Visual observations indicate that the loca

Another aspect of a separating turbulent

tion of intermittent separation is in agreement with
Sandborn's criterion.

The region between these two

boundary layer in need of further clarification

The outer region flow down

stream of the beginning of separation is character

is the flow downstream of the separation zone.

ized by a similarity mixing-layer velocity profile.

Coles (2) points out that in many published
separating turbulent boundary layer studies no
experimental data were taken downstream of separa

INTRODUCTION

tion.

It is widely acknowledged (3) that the

separated flow strongly influences the free-stream

The prediction of separation of a turbulent
boundary layer produced by an adverse pressure
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flow, which in turn influences the upstream flow

the smoke flow rate is introduced through the

behavior.

smoke ports.

In an ongoing research program at SMU, these

The smoke generator is essentially the same

and other aspects of a separating turbulent bound

design presented by Echols and Young (5), with

ary layer are hping experimentally investigated

the numerical values of particle size, flow rates,

using hot-film and laser anemometry.

and pressures being taken from their work.

In the re

The

sults reported here are mean and fluctuation wall

smoke is produced by six nozzles each of which

shearing stresses obtained from flush-mounted

blows high speed air through 4 orifices 0.04

hot-film sensors.

inches in diameter into the liquid smoke material,

A completely mobile back-

scattering laser anemometer developed for use in

which in this case is dioctal phthalate or "D0P".

the 36" wide wind tunnel is described, along with

The D0P is atomized by the shearing action of the

the associated signal processing.

compressed air jets.

Results ob

A pressure drop of approxi

tained using this system both upstream and down

mately 25 psi across the nozzle orifices is re

stream of the separation region are compared with

quired to produce the desired effect.

those obtained by a hot-film anemometer and a pitot

mass flow rate by the smoke system can be con

probe.

trolled by opening or closing valves to any of the

These data shed light on separation cri

teria as well as the downstream flow behavior.

All

six nozzles.

The total

The resulting mixture of air and D0P

experimental results have been tabulated in Refer

particles is blown perpendicular toward the bottom

ence 4.

of a 5 gallon impacter can, removing any large
particles which may have been entrained in the

DESCRIPTION OF THE WIND TUNNEL

mixture.

The mixture is then blown out of the

top of the impacter can into a manifold which
The SMU wind tunnel with a sixteen-foot long

distributes the smoke uniformly to the smoke ports

test section was used to produce the desired bound
ary layer which separated on the flat bottom wall.

in the wind tunnel contraction.
In the experiments reported here, 3.3 CFM of

The detailed features of this tunnel as used in
the current experiments are given in Reference 4.

smoke at a mass concentration of about 0.3 x
_3
10
lbs. of smoke particles per cubic foot of

This tunnel produces a free-stream flow uniform

blown air was used.

within 0.05% in the spanwise direction and within

smoke was only 0.4% greater than that of air alone.

1%

In the test boundary layer near the separation

in the vertical direction with a turbulence

intensity level of 0.1% at 60 fps.

The adjustable

The density of the undiluted

region, the density of the diluted smoke was only

top wall is plexiglas while the wide walls are con

about 0.0006% greater than that of air alone,

structed of "float" plate glass to avoid dispersion

making smoke-induced density effects negligible.

of laser beams and laser doppler signals.

Mean particle size of this stable room temperature

The test-wall boundary layer is tripped by the

smoke is approximately 1 micron.

blunt leading edge of the 3/4-inch thick plywood

To eliminate preferential separation of the

floor, the height of the step from the wind tunnel

curved top-wall boundary layer, this layer was

contraction up to the test wall being 1/4 inches.

removed prior to the last eight feet of the test

1-1/4 inches upstream of the blunt leading edge,

section.

33 smoke ports, 1/8 inches in diameter, are located

of the total tunnel mass flow rate.

spanwise on 1-1/16 inch centers in the wind tunnel

necessary to increase the static pressure at the

contraction.

scoop to produce this outflow.

A baffle plate deflects the smoke in

The spanwise scoop removed about 5.5%
It was

This was accom

the free-stream direction and tends to produce a

plished by placing a sheet of perforated metal over

uniform spanwise distribution of smoke.

the test section exit, which produced about 0.06

When

smoke is not being used, an air flow rate equal to

inches of water excess over ambient pressure at
the scoop.
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Mean streamwise velocity profiles taken

DESCRIPTION OF THE TEST FLOW

across the center 12 inches of the bottom wall
The test boundary-layer flow on the wind

indicate that the flow is two-dimensional within

tunnel floor is an airfoil type with first flow

about 1 fps.

acceleration and then deceleration.

the same region are within 1% of the dynamic

All experi

Wall static pressures measured in

mental data were obtained with the temperature and

pressure of being uniform across the flow.

stagnation pressure being maintained essentially

flow balance considerations indicate that the

constant at 77°F and 1.310 inches of water.

effective convergence of the flow due to side wall
boundary layer growth introduces some small three-

Static pressures were measured along the bottcm
wall using 0.020 inch diameter ports.

Mass

dimensionality.

Static

The maximum value of this con

pressures in the top and bottom wall boundary

vergence occurs near Station 120 inches and is

layers and in the freestreams were obtained using

approximately 0.07 inches/inch of flow length.

a United Sensor PSA-12 probe.

Data obtained with a Thermo-Systems, Inc.

Corrections to these

data for streamline curvature into the wall ports

(TSI) 1273-10 hot-film probe with the sensor

and probe stem effects were found to be negligible,

slanted with 45° angle to the stem were also used to

as discussed in Reference 4.

obtain an estimate of the crossflow velocity along
the tunnel centerline.

Figure 1 shows the free-stream velocity distri

By obtaining mean voltage

butions along the tunnel center flow obtained

signals at different stem orientations, the W and

using the stagnation pressure and these several

U components could be deduced at a given spatial

static pressure measurements.

location.

The agreement of

Results obtained upstream of Station

these results indicate a rather uniform flow across

124.8 inches indicate negligible crossflow within

the freestream.

the uncertainty

Near the exit, the velocity cal

of aligning the probe with the

culated from the wall taps data is seen to be

tunnel centerline.

Downstream,the peak values of

about 8% higher than that obtained using free-

W appear in regions near the wall where the mean

stream flow toward the bottom wall as the per

velocity U is small.

The value of W indicated

forated sheet metal exit cover with its associated

in these regions is less than 1.5 fps or about 3%

high pressure drop is approached.

of the free-stream velocity.

below, incipient flow separation and backflow

Figure 2 shows the pressure gradient measured
along the centerline of the bottom wall.

However, as discussed

occur in these regions so these latter results

Just

downstream of the location of the upper wall

from the directionally insensitive hot-film

scoop (96 inches), the slope of the static pres

sensor are suspicious.

sure gradient changes sign.

tainty of the instrumentation employed, the

Near Station 128

Thus, within the uncer

inches, the pressure gradient abruptly drops to an

apparent mean three-dimensionality uncovered

approximately constant value downstream.

by all of these measurements appears to be minimal
upstream of Station 124.8 inches and small down

Boundary-layer velocity profiles using impact

stream.

probes were obtained to examine the upper wall and
bottom wall flow behavior and the mean threedimensionality of the flow.

WALL SHEARING STRESS MEASUREMENTS AND RESULTS

A flattened mouth

boundary layer probe 0.010 inch by 0.020 inch
was used.

Four different ways of deducing the mean wall

Viscous effects on these data were

negligible (4).

shearing stress distribution were used:

No corrections were made to the

the velo

data since it is recognized that generally appli

city profile crossplot method used by Coles and

cable corrections to impact tube data for turbu

Hirst (6), the Preston tube technique (7), flush

lence and wall proximity effects are uncertain (2).

surface-mounted hot-film sensors, and the Ludwieg
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(ft/sec)
U

Free-stream velocity distribution

dP/dx

(lbf/fr)

Figure 1.

Figure 2.

Pressure gradient along bottom wall

154

and Tillmann (10) skin friction correlation.

The

local static pressure

flush surface-mounted hot-film sensors were also
used to deduce shearing stress fluctuations.
The crossplot method of obtaining the wall

pv

2

0.051

APd2
2

0.877
(

2)

pv

shearing stress is based on the existence of a
universal logarithmic law-of-the-wall.

It is well

accepted (2) that such a universal logarithmic
Figure 3 shows such a

logarithmic region in both the impact probe and
hot-film results for one station.

inches indicated similar logarithmic regions.

walled tube with a 0.075-incn diameter.

At separa

tion not only is the supposition of a universal
velocity profile invalid, but the uncertainty in AP

All velocity

becomes large due to small measured values.

profiles obtained upstream of about Station 125
The

above mentioned impact probe and a TSI 1275-10
hot-film boundary layer probe with a TSI constant
temperature anemometer were employed for these
measurements.

The Preston

tube used in the present work was made from a thin

region exists even in the presence of strong
adverse pressure gradients.

where d is the tube outside diameter.

No wall proximity corrections

Skin

friction results are shown on Figure 4 and given in
Table 1 as computed from Equation 2.
The mean wall shearing stress was also deter
mined using the skin friction formula of Ludwieg
and Tillmann (10).

This law is based on the

supposition of a universal law of the wall with a

were applied to the hot-film data.

single parameter velocity profile, the results

After a survey of much experimental data,

being given by

Coles (2,8) recommended that the logarithmic
region be described by

-1.556*

-0.268
(3)

0.123
U+ = l ln/y+/ + C,

(1)
According to Rotta (11) there is

where K = 0.41 and C = 5.0.

He recommended that

good agreement

between this formula and measurements made by

only the portion of the velocity profile with

Smith and Walker and by Schultz-Grunow

y+ > 100 be used to determine the skin friction by

range U 9/v > 1000 and H = |*< 2.

a data fit to Equation 1, since wall proximity

only holds upstream of separation since the law of

effects and turbulence effects on pitot data are

the wall does not hold downstream.

uncertain.

the present test flow are shown on Figure 4 and in

On the other hand, the effects of the

wake-like outer flow are felt if the velocity
profile too far from the wall is used.

in the

This equation
Results for

Table 1.

Conse

The flush-mounted hot-film sensors were

quently in all of the experimental data examined

fabricated at SMU and are described in detail in

for the Stanford Conference, Coles and Hirst

Reference 4.

The basic sensing part is a very thin

stipulated that y+ = 100, experimental velocity

layer of platinum fired on the end of a 2mm diameter

profiles should produce U+ = 15.23 as given by

quartz rod.

Equation 1.

of the rod and short wire leads were soldered to

This method was used with the hot-

Gold leads were fired on the sides

film and impact probe measurements reported here

the gold.

to produce skin friction estimates.

plexiglas rod was used to protect the sensor from

The Preston tube technique also supposes the

A casing made from 1/4-inch diameter

damage due to handling.

The resulting unit was

existence of the universal law-of-the-wall over

mounted in the wind tunnel wall with the platinum

the region occupied by a thin-walled circular

portion flush with test wall surface.

mouthed impact tube resting on the wall.

stant temperature anemometer was used with an

Smith

and Walker (9) presented a correlation of the non-

overheat ratio of 1.03.

dimensional wall shear stress with the nondimensional difference between the impact and
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A TSI con

Figure 3.

A comparison of velocity measurements
obtained by pitot, hot-film and laser
anemometry at Station 103.8

Figure 4.

Mean wall shear stress (friction factor)
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TABLE I.
Crossplot

Station
x (in)

FRICTION FACTOR DATA (Cf/2 x 10 )

Pitot

Hot Film

Preston

FIush-Mounted

Ludwieg &

Tube

Hot Film

Tillmann (*)

7.6

2.08

2.15

1.97

27.6

2.05

2.09

2.08
2.19

29.0

1.73

r^

LO

CO

co

60.4

1.70

60.8
88.2

1.31

1.37

1.30
1.24

89.7
103.8

.853

.999

.930

.833

.771

103.8
108.8

.736

117.8

.204

122.5

.150

124.3

.210

.262

.154

.152

.111

124.3
126.8

.0803

130.1

.0646

132.1

.0858

134.1

.0986

136.1

.0646

142.2

-.0658

148.1

-.301

156.8

-.111

165.8

-.135

175.8

-.139

184.7

-.145

(*) Values of 9 & 6* used in Equation 3 correspond to type of measurement
as noted in crossplot columns. The estimated uncertainty in results
contained in the respective columns at Station 124.3 are:
+32%

+8%

+11%
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+5.5%

The analysis of Bellhouse and Schultz (12) for

1 b / kATw \ d P
apPr

,2)

_ w _
1/ 2
E d 7 ?)

this type sensor yields the relationship
I
w

1/2
(t

1/3/

(4)

2 aK

6A3(E2 - Eg2)2 +

b (v
\apPr

!

The absolute value of the mean shearing

The constants
stress

a and b are given as 0.223 and 0.105, respectively.

This insensitivity makes precise interpretation of

and the temperature at the edge of the thermal

the mean wall shearing stress difficult downstream

L can be taken as approximately

equal to the sensor diameter.

of the location of the intermittent separation

In terms of the

point.

voltage across the sensor, Equation 4 can be

The negative shearing stresses produced by

the intermittent backflow are rectified by the

written as

sensor, producing an apparent mean shearing stress

1/3
[A(E‘

should be used for flush-mounted

sensors since they have no directional sensitivity.

ATw is the difference between the wall temperature
boundary layer.

(6)

A(E

between the heat flux Q from the sensor to the
w
fluid, the wall shearing stress, fluid properties,
and the imposed pressure gradient.

dP/dx

71

E 2)]3 - I k
0 n
2 a

"(ii)
\apPr /
A(E2

which is larger in magnitude than the actual stress.

dP
dx

This point can be shown by expansion of the instan

(5)

Eo2 )

where A and Eg are calibration constants.

taneous absolute wall shearinq stress
shearing stress T , in the identity

2 = T

fluctuating parts T

and T
x + T
w
w
, substituting the results into the identity,

that A and

Eq depend somewhat on the flow conditions.

T

Decomposing these quantities into their mean and

This is

the preferred calibration method here since
Geremia (13) and Pope (14) have shown

which

the sensor detects, and the instantaneous wall

These

constants can be obtained readily in the test flow
when the pressure-gradient term is small.

T

and taking the time-averaged result produces

Little

data on the transposition of a calibration curve
from one apparatus to another is currently avail
able.
In the present work the pressure-gradient
term is small except near separation where its
magnitude reaches approximately 30% of the first
term on the right side of Equation 5.

Since 0 £ —

stants A and Eg were obtained by fitting a straight

W

the quantity x

89.7 and 108.8 inches on a plot of T ^ 3 versus
2
w
E . tw was obtained from the Coles crossplot

— — < 1.
M
1 1

Since

2 cannot be measured near separa

tion, the factor x / l x l can be obtained only when
w 1w1
J
the shape of the wave form of x ' is known a
w
priori.

The pressure-gradient term at each of

these stations is less than 2% of the first term

The fact that only absolute shearing

on the right side of Equation 5.
The shearing stress fluctuation,

T

£ 1, then 0 <
„
T '2

line through data obtained at Stations 29.0, 60.8,

method.

'2

T

The con

stresses are detected explains in part why a mean

1, can be
w
obtained from voltage fluctuation quantities

value of shearing stress equal to zero was never

through consideration of Equation 5.

observed from the flush-mounted hot-film data in

t

Differ

entiating that equation with respect to E,

the region of separation.

assuming that 3t /aE "

tion factor C.p/2 reaches a minimum absolute value

t

1/E ' and forming the rms

The value of the fric

of about 0.0646 x 10 3 at Station 136.1 inches,

value produces

158

The data obtained by the flush mounted hot-

which as discussed below, is near the fullydeveloped separation point.

film sensors are not dependent on the notion of a

Since time-averaged

backflow was observed downstream of this station

logarithmic wall region.

by impact probe

gest that the law of the wall holds until near the

measurements, those shearing

stresses are presented as negative values.

This would tend to sug

intermittent separation point, since there appears

No

attempts to correct the mean shearing stresses in

to be reasonable agreement between flush-mounted

the separation region for the rectification effect

hot-film data and the methods which utilize the

have been made for the results shown on Figure 4

law of the wal1.

and in Table 1.
THE LASER ANEMOMETER SYSTEM

Figure 5 presents a plot of the absolute
shearing stress fluctuation intensities along the
test wall.

A dual backscatter or backscattering fringe

It was estimated (4) that these results

are attenuated only 21 due to the finite size of

type laser anemometer optical arrangement was used

the hot-film sensing spot.

to obtain the measurements reported here.

A maximum value of

fringe type anemometer has been widely discussed

It |'2 / lx 12 z o.38 occurs near Station 130 inches.

recently (16, 17, 18).

At Station 136.1 inches, where the minimum observed

the optical setup.

mean absolute value occurred, this intensity is
about 0.30.

the wind tunnel test section.

system.
The Coherent Radiation Labs Model 54 Argon

/ It | = 0 .
The curve faired through the
w
w
data shown on Figure 5 has this value of the
t

Ion laser produced nearly 500 mw of output power
at 4880°A, but at the focal volume only about 130mw

absolute fluctuation intensity at about Station
137 inches.

remained.

The significance of these flush hot-

to split the laser output into two beams of equal

The agreement of the mean wall shearing stress

intensity, which produced high contrast fringes in

values obtained by the several methods is reason

the focal volume.

Estimated uncertainties for each type

ably improved signals resulting for smaller path

and McClintock (15) with the largest uncertainties

length differences.

occurring at Station 124.3 inches, as presented in

cross at the focal plane of the transmitting lens.

appears between the hot-film and pitot tube data

The transmitting-receiving pair of lenses were

used in the Coles crossplot and Ludwieg-Ti1lmann

mounted next to each other with the same centerline.

This discrepancy is thought to be pri

The 6.25-inch diameter transmitting lens has a

marily due to turbulence intensity effects on the

focal length of 37.25 inches, allowing measurements

pitot tube data, which would produce artificially

over most of the wind tunnel width.

The Coles crossplot and

The second

lens, 5.25 inches in diameter, and the center por

Ludwieg-Tillmann methods using hot-film data, the

tion of the transmitting lens formed a receiving

flush hot film and the Preston tube produce results
within + 16% at this station.

These beams were adjusted by

two mirrors to be parallel to one another and to

At this station the largest discrepancy

high values of Cf/2.

The path lengths of these two

beams were equal within 0.1 inch, with no appreci

of result were computed using the method of Kline

methods.

A neutral density

filter with about equal beam transmittance was used

separation region are discussed below.

Table 1.

Measurements have been made at one-third

to one-half this power level.

film results in regards to characteristics of the

ably good.

Reference 19 de

scribes the development and operation of this

= G sin ut) at the fully-developed

separation point, then |t w |‘2 / |t w |2 = 0.233,
while

Figure 6 is a drawing of

All the optics were mounted on

a single mobile cart which allowed movement along

It is interesting to note that if a

sinusoidal waveform is used for the instantaneous
stress (T

The

lens pair which focussed the backscattered signal

Considering the

onto the plane of a variable opening diaphragm in

small value of Cf/2 being measured, this agreement

front of the photomultiplier.

is gratifying.
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The optimum

.5

.4

W

2
1

T\1

-34

2
.1
0

50

100
Station

Figure 5.

150
(in)

Wall shear stress fluctuation intensity

(1) Laser

(5) Probe volume

(2) Beam splitter

(6) Back scattered light cone

(3) Lenses

(7) Pinhole

(4) Transmitted beams

(8) Photomultiplier

Figure 6.

Laser anemometer optical arrangement
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The heart of the signal processing electronics

signal-to-noise ratio was achieved with a 0.035inch diameter diaphragm opening.

Signal reception

was the Singer Model SPA-3/25a spectrum analyzer

with the receiving lens to one side of the inci

with a 60 Hz sweep frequency.

dent beams had been tried, but the symmetric con

the spectrum analyzer when a particle was in the

figuration

focal volume a vertical spike was displayed along

shown in Figure 6 produced the best

For each sweep of

the horizontal axis at a distance related to the

signal.
The cleanliness or clarity of the glass wind

particle velocity.

In laminar flow there would be

tunnel walls played an important role in obtaining

only one spike location since all the particles at

a good signal.

a flow location would have the same velocity.

Oily smears, which were very

In

difficult to detect with room lighting, reflected

turbulent flow the spikes are distributed over

a large amount of optical noise through the

some region of the horizontal axis, making direct

diaphragm.

reading of the mean velocity difficult.

The DOP smoke was relatively clean to

The idea

use in comparison to that produced by smoke bombs

behind the next stage of signal processing is to

and tobacco.

produce a pulse whose voltage is related to the

The probe volume size, which is directly pro

velocity.
The vertical output of the spectrum analyzer

portional to the transmitting lens focal length
and inversely proportional to the laser beam

was input to a Schmitt trigger circuit, which pro

diameter, was found to have little effect on the

duced a 12-volt spike each time a spike was dis

received signal quality.

played by the spectrum analyzer.

Although a smaller

The synchroniza

region would have produced more intense fringes

tion pulse marking the beginning of a spectrum

for the same total power level, little net gain

analyzer sweep was used to trigger a high quality

in scattered photons resulted since the time re

60 Hz sawtooth waveform produced by a Tektronics

quired for a particle to pass through the focal

3B4 time base.

volume was decreased and the inefficiencies of

sawtooth voltage distribution were input to an

additional required optics reduced the total power

analog gate, which passed the sawtooth voltage

level at the focal volume.

each time a spectrum analyzer spike was observed.

A focal volume 0.0125

The Schmitt trigger output and the

inches in diameter and 0.140 inches in length was

In other words, the signal processing up to this

used in the experiments reported here.

point produced a pulse whose height was related

The

incident beams intersected at an angle 29' of

to the velocity for each particle signal caught

about 8.67°, producing interference

by the spectrum analyzer.

fringes

The velocity, U, of a

given particle is given by the relation

1.27 x 10-4 inches apart (xf = \J2. sin 9').
Consequently there were about 100 fringes in the
focal volume.
The photomultiplier was an EMI 9424B tube
shielded from electrostatic and magnetic fields.

Here u>0 is the spectrum analyzer frequency setting

Standard photomultiplier practice as outlined by

corresponding to the beginning of a sweep.

the manufacturer was followed to produce as little

a voltage of the gate output pulse while du/dE is

noise as possible.

the constant relating the sawtooth voltage to the

The detected signal

frequency

Ep is

is given by the particle velocity component per

frequency in the scan width.

pendicular to the fringe pattern divided by the

frequency scan width of the spectrum analyzer must

fringe spacing.

be selected to insure that both the slowest and

Electronic processing of this

A sufficiently wide

signal to obtain mean velocities and rms velocity

fastest particles encountered at a given spatial

fluctuation intensities was achieved as shown on

location are accommodated.
The gate output signal was then processed

the block diagram in Figure 7.

through a SAIC0R Model SAI-41 digital correlation
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(4)
(5)
(6)
(7)
(8)

Dual trace storage oscilloscope with channels Cl and C2
Gate
Probability analyzer
x - y plotter
Dual trace scope with channels Cl and C2

Figure 7.

Laser anemometer signal processing
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After a signal was observed on the spectrum

and probability analyzer operated in the pro
bability density mode.

The resulting histogram

analyzer, the Schmitt trigger discriminator was

of the number of sampled particles with a given

adjusted just above the broadband noise.

gate voltage, Ep, was recorded using an X-Y

were obtained for low velocities since the signals

plotter.

were buried in the low frequency noise and the

Before recording, the histogram was

constructed over a sufficiently long time such

No data

zero frequency marker of the spectrum analyzer.

that its shape ceased to change within a vertical
scale factor for increased construction times.

LASER ANEMOMETER RESULTS

Calibration of this electronic signal process
The mean velocity, U, and the rms turbulence

ing system was obtained by replacing the photo
multiplier tube with a signal generator.

Signals

from this generator over a given frequency scan

fluctuation,^/u"7^, were determined from the histo
gram data using the definitions

width of the spectrum analyzer were marked on the
histogram.

U = l U ^
M
T

It was found that the slightly non

linear ramp sweep voltage of the spectrum analyzer

(9a)

produced unequally spaced marks for equal increments
in frequency.

Thus, it was necessary to determine a

second-order polynominal relation between the fre

f-

(U

(9b)

- U)2

quency and the histogram abscissa location to
correctly determine the velocity parameters.
Data were acquired from the test wall boundary
layer in the following manner.

First the mobile

where

a N/Nt

is the fraction of the total number of

counted particles with velocities between U-& U / 2

cart was moved near the vicinity of a test loca

and U + a U/2.

tion of interest.

distributions were fairly well represented by a

The bisector of the two laser

The histograms or velocity probability

beams was oriented perpendicular to the stream-

Gaussian distribution centered about the mean velo

wise flow direction.

city U.

Fine adjustments by lead

screws positioned the focal volume of the inci

Thus, / u7 ? = a , where au is the standard

deviation for the normal distribution.

dent laser beams at the desired streamwise and

Signal broadening effects on the turbulence

spanwise location.

intensities were found to be negligible.

The plane of the incident beams was initially

The

"transit-time broadening", such as discussed by

aligned at a very shallow angle to the test wall.

Johnson (20) for fringe systems, was determined by

The entire optical table top was then translated

observing the width of the output histogram distri

vertically by four chain-driven jack screws,

bution produced in measuring the velocity on a

which were powered by a single DC motor and worm

spinning disc.

gear assembly, until the incident beams formed an

less than or equal to the maximum system resolu

'X' on the tunnel floor.

tion (0.19 fps) or one bin of the digital probability

This placed the center

This broadening was found to be

of the probe volume directly on the wall and re

analyzer.

quired a fairly precise adjustment.

duced in the presence of a transverse velocity

A cantilever

"Velocity gradient broadening" is pro

arm attached to the optical table and extended

gradient by the finite

beneath the test wall held a dial indicator

diameter (21).

directly beneath the test focal volume.

tion is given by

As the

size of the focal volume

The corrected mean square fluctua

table was moved upward in the course of making
velocity profile measurements, the focal volume

.,2
app

distance from the test wall was the difference
between the current and initial dial indicator
readings.
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d2 / 3U\ 2
4.24 ^ 3y J

where uapp'2 is the apparent value and d is the
focal volume diameter.

correct near the wall because of probable turbu

The largest correction was

lence intensity effects.

A Bragg cell modelled

less than 3%, so this correction was ignored in

after that of Hornkohl (23) has recently been con

the results presented here.

structed to make the laser anemometer directionally

Mean velocity profiles obtained in the vicin

sensi Live for measurements in the low velocity

ity of separation and further downstream are shown
in Figures 3 and 8.

backflow region.

Also shown in Figure 8 are

The

normalized streamwise normal stress

the results obtained with a TSI model 1210-20

U 12/1^2 for stations where both hot-film and laser

normal hot-film probe and the above mentioned

anemometer measurements were taken is shown in

impact and slant hot-film probes.

Agreement

Figure 9.

between impact tube and hot-film data is fairly

In general the measurements obtained by

the normal and slant hot-film probes are in good

good with the impact probe results being between

agreement.

1-1/2% to 8% higher.

mometer agrees reasonably well for Station 103.8.

Turbulence intensity effects

The data taken using the laser ane

in the inner portion (y ~ 0.03 inches) of the

At stations further downstream the laser anemometer

flow were estimated (4) to cause the impact data

data becomes progressively lower than the hot-film

to be between 21 and 6% high.

In the outer por

results, particularly in the high intensity regions.

tion of the flow (y ; 2.0 inches) the turbulence

This trend is thought to be due to the limited

intensity effects can be ignored.

The remainder

scan frequency bandwidth of this particular spectrum

of the discrepancy which is about 1-1/2% may be

analyzer.

The scan frequency bandwidth is propor

due to small changes in the ambient temperature

tional to the center frequency setting.

(about 1°F) which affect the hot-film calibration.

quently, for a large turbulence intensity flow

The data from the laser anemometer are 8% to 9%

Conse

such as this separated flow, valid data from rela

lower than the hot-film data in the blending region

tively slow or relatively fast particles fall

between the logarithmic and wake regions shown in

outside the available scan bandwidth.

Figure 3.

extreme edges of the velocity probability distribu

In Figure 8, we see that laser and hot-

Thus, the

film results agree within 5%, except for the

tion are ignored, producing too small a turbulence

anomalous laser data shown for Station 157.1

intensity.

inches.

stress from the laser anemometer leveled off at

The scatter between the results obtained

Notice that the maximum recorded normal

by the two hot-films on different days at Station

about 0.015 for the last three stations for which

157.1 inches suggests that some of the discrepancy

laser data were available, supporting the hypothesis

in the laser hot-film data may be due to slight

of scan-bandwidth-limited results.

day-to-day variations of the flow conditions.

The

In retrospect,

this latter difficulty could have been overcome by

works of Yanta (22) and Von Stein in Reference 17,

taking data over several adjoining scan bandwidths

for example, have shown that particles 1 micron

and piecing the several histograms together.

in size have minimal lag when passing through a

ever, a major system modification using the Bragg

shock wave, so particle lag cannot account for any

cell and a higher performance spectrum analyzer has

discrepancies here.

very recently been completed, eliminating the scan

From Station 139.1 inches downstream it is

How

bandwidth difficulty.

clear from the impact probe data that backflow
near the wall is present.

The hot-film results

THE SEPARATION REGION

are not truly indicative of the flow near the wall
since it is directionally insensitive.

It is

In the neighborhood of Station 131 inches, the

believed that the hot-film results cease to be

wall shearing stress fluctuation curve attains a

reliable for positions closer to the wall than

maximum as shown in Figure 5.

where the impact and hot-film results intersect.

curve flattens at a value of approximately 6 x 10^,

The impact probe results are only qualitatively
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The friction factor

Figure 8.

Mean velocity profiles in downstream
region

o>|*<

O Normal hot film
Q Slant hot film
A Laser

Figure 9.

2

2

A comparison of u 1 /IL profiles ob
tained by hot-film and laser anemometry
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as shown in Figure 4.

In Figure 2, we see that

upstream or downstream on a time-averaged basis

the streamwise pressure gradient drops suddenly.

at this location.

Visual observations were made of the qualita
tive flow behavior in this region.

The separation criteria of Stratford (24)

Several small

and Sandborn(25) were examined in view of the

lightweight plexiglas shavings were introduced down

ahnvp experimental results.

Stratford developed

stream and were observed to move upstream along the

a prediction method, not just a criterion.

test wall to an upstream limit of about Station 131

method locates the position of zero mean wall

inches as they were blown about.

shearing stress (time-averaged separation) using

Observations were

His

also made by illuminating a thin vertical stream-

a mixing length model for the wall region flow

wise slice of the boundary layer with the laser.

which is joined to a power-law type velocity pro

(This slice of light was formed by passing the

file in the outer region.

laser beam through a cylindrical lens.)

separation for the current test flow at Station

Since the

boundary layer is constantly entraining fluid

124 inches at a pressure coefficient, (Pn - P)/
1 2 .
u
2 pU^, , which is about 5% low.
As pointed out by

which is smoke free, the fluid motion can be ob
served if the flow is slow enough for the eye to
follow.

Stratford, this method typically predicts separa

The eddy structure near the wall was

tion too soon.

vaguely seen in the separated region and was ob

to 10% too low, based on several test flows.

(Efforts

Sandborn developed a general velocity pro

to obtain high speed motion pictures of the smoke

file which can describe a great many known laminar

laden boundary layer illuminated by a thin slice

and turbulent cases.

of laser light have not yet been successful.)

He examined experimentally

obtained velocity profiles taken from several

It appears from all this evidence that the flow

separating turbulent boundary layers to determine

separates intermittently near Station 131 inches.

the proper choice for the constants in the general

According to the mean velocity profiles ob
tained by the impact probe, fully-developed separa
tion occurs somewhat upstream of Station 139
inches.

He estimated that the pressure

rise to the separation point is likely to be up

served to intermittcntly penetrate upstream near
the wall to about Stations 130 to 132.

This method predicts

velocity profile.

The following specialized pro

file was chosen to represent the velocity profiles
at the beginning of the separation region

As mentioned above, the velocity profile

at Station 139.1 inches displays a slight amount
of time-averaged backflow near the wall.

The

minimum mean absolute value of the wall shearing

The wall shearing stress is not zero for this pro

stress measured with the hot-film sensors occurs
at Station 136.1 inches.

file, but is very small.

One does not know, how

For the present test

flow at Station 131 inches

ever, whether this is slightly upstream or down
stream of the fully-developed separation point.
An arbitrary choice was to locate it slightly up
stream.

In this vicinity, the sinusoidal stress

fluctuation model mentioned above produces results
in fair agreement with experimental values.

which is about 1/6 of the flush hot-film measured

The

results.

visual observations using the plexiglas shavings

that the mean wall shearing stress vanish at

and the laser illumination gave no quantitative

intermittent separation.

information, although the observer could easily

Integration of Equation

10 in the momentum thickness, 9, and the displace

imagine that the shavings hovered primarily around

ment thickness, 6*, definitions produces the

Station 139 and that the flow structure seemed
to

As mentioned above, it is not necessary

relation

possess eddies which were neither moving
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shear layer,

11-i* -1*i-rsw •

(,,)

Note the good agreement

between Equation 11 and the observed intermittent
separation location.

inches), and o' is a constant.

Ug is equal to

twice the velocity at the center of the shear

which is plotted on Figure 10 as the "turbulent
separation correlation".

x is the streamwise distance from

some reference point (in this case Station 88.0

Sandborn and Kline (26) and

Liu (27) have also observed that Equation 11

layer minus the free-stream velocity.

Even in

the outer portion of the profile at Station 124.8
upstream of separation, there is good similarity.
These profiles can be represented reasonably
well using the relation

closely predicts the location of intermittent
separation in other experimental flows.
These workers also postulated that the fullydeveloped separation point, or the point where

U

1

U

2

(13)

1 + erf ( 2 ^

the time-averaged wall shearing stress is zero,
possibly occurs according to Sandborn's laminar

where a = 35 and Ik/U^ turns out to be 0.2.

separation correlation, shown also on Figure 10.

value of a is about twice the value observed by

This

The present flow does not support this hypothesis,

Halleen (28) for mixing layers with zero pressure

since time-averaged backflow was observed slightly

gradient and with Ug/Uco = 0.2.

upstream of Station 139 inches while the hypothesis

by Halleen by curve fitting data is also shown in

suggests that fully-developed separation occurs at

Fi gure 11.

The curve obtained

Since this self-similar outer region occurs

Station 144 inches.
It appears that Sandborn's intermittent separa

before the onset of intermittent flow separation,

tion criterion is supported by the present experi

it would appear feasible to obtain the necessary

ment, while the method of Stratford and the fully-

similarity constants from a prediction method

developed separation criterion of Sandborn are

and thus predict at least in part the behavior of

in poorer agreement with the observations.

the downstream mixing layer.

This approach is

presently being investigated.
CHARACTERISTICS OF THE FLOW DOWNSTREAM OF SEPARA
TION

CONCLUSIONS AND FUTURE WORK

One of the main features of the flow downstream

Some features of a separating airfoil type

of separation is the existence of a free shear

turbulent boundary layer have been investigated

mixing layer in the outer portion of the flow.

using laser and hot-film anemometer techniques.

In the present investigation, the center of the

Flush-surface hot-film results indicate that

shear layer for each mean velocity profile was

the law of the wall holds up to the point of

taken as the point of maximum streamwise turbulent

intermittent separation, that point where back-

rms fluctuation.

flow begins to occur intermittently.

As shown in Figures 8 and 9

this point occurs at a value of U/Uco^O.e.

Experimental

results indicate that at this point the pressure

Mean velocity profiles obtained by the normal

gradient abruptly drops and the normalized

hot-film sensor for the outer region are shown in

absolute wall shearing stress fluctuation reaches

Figure 11.

a large value.

These profiles have been normalized to

obtain the similarity velocity profile
U
UT

The point of intermittent separa

tion seems to be adequately located by Sandborn's
intermittent separation criterion.
Experimentally obtained mean velocity pro

(1 2 )

files indicate that the outer flow downstream of
separation obeys a similarity velocity distribution.

where y is the distance from the center of the
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A*

e

Figure 10. Sandborn's separation criteria

Figure 11. Normalized velocity profiles in the
outer region downstream of separation
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A mobile backscattering laser anemometer has

Io
u

'9
’ u

app

been developed which with recent modifications

actual streamwise velocity mean
square fluctuation and the apparent
laser anemometer measured value

will enable detailed measurements of the backflow
in the separation region.

A new signal processing

system has been proposed, utilizing a spectrum
analyzer and threshold and gating circuits.

distance perpendicular to the wall

y
y+

This

signal processing method is currently under refine
ment.
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SYMBOLS
A, C,

E, G

constants

x , x
w
w

mean and fluctuating wall shearing
stress

U.Q

spectrum analyzer frequency at the
beginning of a sweep

dco/dE

constant frequency to voltage con
version factor

K, a,b, a, m
2

C./2
t
d

x /pUco , friction factor
w
diameter
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DISCUSSION
S. J. Kline, Stanford University:

I think probably

you do get some backflow in your streak structure in
your positive pressure gradient region if it's
severe before you get the full intermittent separation.
That's a question that people have asked us over and
over again, do we see backflow in these low speed
streaks and the answer is no.

If you've got a zero

pressure gradient, you get a 50% decrement as you saw
in that one slide yesterday.

So it doesn't take very

much dp/dx to get backflow in streaks, but you would
go along lines that data you're showing is quite
consistent with models we have.

My second comment:

you can make that zone either very short or very
long as Sandborn has discussed.

You know if you go

over a backward facing step you know you get zero.
You can go off to the flat plate layer and on the
other hand you take a Stratford type flow and you
can make it infinitely long.

So you can get anything

in between and I'm glad to see some data in this
region.

We should have a report out in a couple of

months in which we have actually done an a priori
calculation of a separated flow with a strong inter
action.

It's the fully stratified diffuser case and

it checks the data extremely well.

In order to make

it work for the case where you do not have a sharp,
sudden separation, we do have to put in exactly the
sort of thing you're showing and I think the data
you have there will be quite helpful.

That's the

next step to put more of that in and the only thing
it's sensitive to is the separating zones, everything
else is like fourth order, comparatively.
Simpson:

Further information on the structure of

the intermittently separating region of this flow is
described in the following references:

Simpson, R. L.,

Strickland, J. H. , and Barr, P. W., "Laser and HotFilm Anemometer Measurements in a Separating Turbulent
Boundary Layer", Thermal and Fluid Sciences Center,
Southern Methodist University, Report WT-3; Sept.
1974; Simpson, R. L., "Characteristics of a Separating
Incompressible Turbulent Boundary Layer", paper 15,
NATO-AGARD Symposium on Flow Separation, Gottingen,
West Germany, May 27-31, 1975.
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